The formation of peralkaline melts is generally recognized to be related to enrichment of the mantle in sodium or potassium during a metasomatic event that predated magma generation. The wide range in mineral assemblages, mineral compositions, and fluid compositions in peralkaline melts are, to a large extent, a function of the sodium/potassium content of these mantle-metasomatizing fluids, which also governs redox conditions. We propose that sodic fluids will reduce the mantle assemblage by depleting ferric iron from garnet to form the aegirine component in pyroxene. In contrast, potassic fluids would oxidize the mantle assemblage by extracting Al 2 O 3 from the garnet to make phlogopite. We suggest that during differentiation of peralkaline melts, once Fe^Ti oxides have been depleted from the assemblage, simple crystallization reactions of common solid phases such as aegirine or arfvedsonite control the oxygen fugacity by equilibria such as
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Hence, the more persodic a melt is, the more aegirine will be crystallized and the more reduced this melt will be.This is because without a mineral donor for ferric iron, the crystal chemical forcing of the coupled crystallization of Na with Fe 3þ drives oxidation of the dominant Fe 2þ in the melt and thereby reduction of the C^H^SÔ -bearing fluid and/or melt phase. This is in convincing agreement with observations from a variety of silica-undersaturated peralkaline complexes such as Ilimaussaq in Greenland, Mt. St. Hilaire in Canada, Lovozero and Khibina in Russia, and Tamazeght in Morocco, and explains the occurrence of magmatic methane in the most sodic of these complexes. In silica-oversaturated peralkaline melts such as comendites and pantellerites, however, this equilibrium appears to be less influential and these melts are accordingly less reduced. In perpotassic melts, in contrast, no K^Fe 3þ pyroxene is stable and K can only be incorporated into dominantly Fe 2þ -bearing phases such as biotite or K-amphibole, if no K-feldspar is stable. Here, redox conditions in the coexisting fluid and/or melt are either unaffected or even driven to more oxidized values by the crystallization reactions, which is in accordance with observations on the ultrapotassic rocks of the Roman Province (Italy) or the kalsilitebearing Murun complex in Siberia. We conclude that peralkalinity in magmatic rocks is tightly connected to oxygen fugacity, that both the generation and the evolution and crystallization of peralkaline melts are governed by redox equilibria, and that these depend strongly on the Na/K ratio as well as on the (Na þ K)/Al ratio of the melt. The specific features of peralkaline rocks, such as the difference between agpaitic and miaskitic rocks, the unusual enrichment of high field strength elements and the occurrence of magmatic hydrocarbons in some of them, can all be explained by the oxygen fugacitycontrolling model reactions discussed in this study.
extreme enrichment of large ion lithophile elements (LILE) such as Na, K and Li, as well as the rare earth elements (REE) and high field strength elements (HFSE) such as Zr, Hf, Nb, Ta, U and Th (e.g. Kogarko, 1980; SÖrensen, 1992; Salvi et al., 2000; Bailey et al., 2001; Markl, 2001) . Some of them form under reducing conditions with methane as the stable main fluid species (KonnerupMadsen & Rose-Hansen, 1982; Konnerup-Madsen, 2001; Markl et al., 2001; Krumrei et al., 2007) , and fractionate down to temperatures below 5008C (e.g. Markl et al., 2001; Marks et al., 2003) . It has long been argued that these unusual features must be related to each other and that the fluid phase exerts the main control on the evolution of peralkaline magmas (e.g. Kogarko, 1974) ; however, a convincing theoretical approach as to why and how this should be so is still lacking. Specifically, the huge differences in mineralogy, geochemistry and fluid compositions associated with peralkaline igneous rocks still pose problems in the interpretation and quantification of their conditions of formation.
Peralkaline igneous rocks span a large compositional range with variable mineralogy, including agpaitic and miaskitic nepheline syenites (e.g. Tamazeght, Morocco; Marks et al., 2008) , kalsilite-bearing syenites (e.g. Murun, Russia; Mitchell & Vladykin, 1996) , peralkaline rhyolites (comendites and pantellerites; e.g. Nicholls & Carmichael, 1969; White et al., 2005) and persodic and perpotassic mafic or even ultramafic rocks, such as some orangeites and most lamproites (e.g. Smoky Butte, USA; Mitchell et al., 1987) . In rocks falling within this range of compositions there is a close correspondence between the Na/K ratio of the rock (reflecting the Na/K ratio of the original melt) and the nature of its coexisting fluid phase. For example, one of the most persodic magmatic complexes in the world, both in terms of its Na/K and its (Na þ K/Al) ratios, the Ilimaussaq complex in South Greenland (Ussing, 1912; Markl et al., 2001; SÖrensen, 2001) , has the most reducing magmatic fluid phase known: basically the magmatic fluid in this complex was pure methane during most of its crystallization history (Konnerup-Madsen, 2001; Krumrei et al., 2007) . Similarly, in the Khibina and Lovozero complexes in Russia (e.g. Ryabchikov & Kogarko, 2006) , methane-rich fluids were involved, although the details of their origin (early magmatic vs post-magmatic) are still a matter of debate (e.g. Petersilie, 1962; Nivin et al., 2005; Beeskow et al., 2006) .
Complexes with lower Na/K or (Na þ K)/Al ratios such as Tamazeght in Morocco (Marks et al., 2008; Schilling et al., 2009a) , Puklen and Motzfeld in South Greenland (Marks et al., 2003; Ko« hler et al., 2004; Scho« nenberger & Markl, 2008) and Mt. St. Hilaire in Canada (Schilling et al., 2009b) Mitchell & Vladykin, 1996) , the Katzenbuckel phonolite in Germany (Mann et al., 2006) and phlogopite-bearing leucitites (e.g. Wallace & Carmichael, 1989) , exhibit highly oxidizing conditions during their crystallization. Relatively potassic comendites and pantellerites appear to be associated with relatively oxidized H 2 O^CO 2 fluids (Lowenstern, 1994) .
Significant differences are also reflected in the sulfur speciation in peralkaline melts. In Ilimaussaq, SO 3 -bearing sodalite occurs with sphalerite, both as magmatic and as late-magmatic to hydrothermal phases (Krumrei et al., 2007) . A crude mass balance appears to indicate approximately equal amounts of both sulfur species in the rocks. In contrast, in the potassic Murun complex of Siberia, almost exclusively sulphate is present (Panina & Usoltseva, 2000) . We assume that these two examples probably reflect the most extreme endmembers.
Finally, the different redox conditions in Na-and K-dominated melts are clearly reflected in their pyroxene compositions. In persodic complexes such as Ilimaussaq (Larsen, 1976; Markl et al., 2001) , pyroxenes follow a reduced iron enrichment trend along which the composition evolves from diopside via hedenbergite towards aegirine. In more potassic rocks such as those of Murun, the Katzenbuckel or the Leucite Hills (e.g. Carmichael, 1967; Mitchell & Vladykin, 1996; Mann et al., 2006) , however, the pyroxenes are highly magnesian or contain a high amount of the ferri-Tschermak component. The general observation in pantelleritic and comenditic lavas is that clinopyroxene is typically a relatively rare phenocryst phase. If present, hedenbergite seems to be dominant in less peralkaline whole-rock compositions, whereas aegirine-rich clinopyroxene (up to Aeg 80^90 ) is restricted to strongly peralkaline compositions (e.g. Nicholls & Carmichael, 1969) . Some strongly peralkaline rocks may contain arfvedsonite þ aenigmatite instead of hedenbergite þ fayalite þ Fe^Ti oxides (e.g. Macdonald et al., 1987; White et al., 2005; Ren et al., 2006) .
These observations led us to explore the connection of redox equilibria, oxygen fugacity, alkalinity index [i.e. (Na þ K)/Al] and Na/K ratio in the generation, evolution and crystallization of peralkaline magmas. We believe that our findings allow a straightforward interpretation and understanding of the most common and important features of peralkaline rocks, in terms of both their variability and their specific peculiarities. mantle or are derived by fractionation of mantle-derived melts (e.g. Larsen & SÖrensen, 1987; Kramm & Kogarko, 1994; Marks et al., 2004; Halama et al., 2005) ; although small degrees of melting of primitive 'pyrolitic' mantle may generate alkaline melts, there seems to be broad agreement that strongly peralkaline melts evolve from melts generated by melting of a metasomatically enriched mantle source. Although small-degree melting of a nonmetasomatized mantle may produce Na-enriched melts by preferential melting of Na-bearing clinopyroxene, potassic melts must involve melting of phlogopite or amphibole in an enriched, metasomatized mantle source. The generation of peralkaline melts from melting of metasomatized mantle (e.g. during the production of lamproitic melts; Mitchell & Bergmann, 1991) , or from fractionation of alkaline precursor melts derived from such metasomatized mantle, poses the following questions: What was the nature of the fluids or melts driving metasomatism? What effect did they have on the redox state of the mantle? What kinds of melts can be produced from which kind of metasomatized mantle?
The nature of the fluids It has become clear in the last decade that mantle metasomatism is neither rare nor unexpected, because during subduction, large amounts of alkali-charged fluids are set free during dewatering of the hydrous, subducted plate (e.g. Kessel et al., 2005; Sorensen et al., 2006; Coltorti & Gre¤ goire, 2008; Hermann & Spandler, 2008) . It is not necessary to review the details of this process here, but we state that it is general belief for many peralkaline provinces that an earlier subduction process modified the mantle below the province prior to melt generation (e.g. Eby, 1985; Macdonald & Upton, 1993; Smith et al., 1999; Arzamastsev et al., 2001; Goodeneough et al., 2002; Upton et al., 2003; Ko« hler et al., 2009) . It is important in the present context, however, to explore how metasomatized rocks of various composition are created in the mantle wedge overlying subduction zones. In principle, if we follow our arguments from above, we should expect potassic, sodic and mixed metasomatism all to form from fluids with hydrous, carbonic or mixed compositions. We explicitly do not want to extend the topic of this paper to carbonatites, but all types of metasomatism are of interest in understanding the genesis of peralkaline silicate melts.
The basaltic part of the subducted oceanic crust is principally sodic or even calcic, but definitely not potassic, as a result of the dominance of plagioclase feldspar and clinopyroxene. Spilitization increases the sodic character of these rocks, and hence fluids derived from subducted crust that has been altered by seawater will be very sodic and have very high Na/K ratios (e.g. Sorensen et al., 2006) . Reaction of these fluids with the mantle will produce sodic amphiboles (e.g. pargasite) or will increase the aegirine and jadeite component in mantle clinopyroxenes.
Upon melting, sodic to persodic melts will be produced from such metasomatized mantle rocks (e.g. Pilet et al., 2008) .
In contrast, the upper sedimentary layer of the oceanic crust is much more potassic; it is dominated by clays, mica-like minerals such as illite or sericite, and may contain authigenic K-feldspar. Although, because of their lower density and their less compacted nature, it is more difficult to subduct these ocean-floor sediments, it has become clear that this happens (e.g. Rogers et al., 1987; Hermann & Spandler, 2008; Avanzinelli et al., 2009 ) and quantification of mass fluxes involving ocean-floor sediments has been presented (e.g. Rea & Ruff, 1996) . Fluids liberated from these sediments upon subduction will be sodic or potassic, depending on the stability of phengite in the subducted slab (see Hermann & Spandler, 2008) . Reaction of the potassium-rich variety of such fluids with the mantle will cause the formation of phlogopite or K-richterite.
We consider potassic metasomatism to be less likely than sodic metasomatism, simply because subducted sediments are less important volumetrically than the basaltic, partly spilitized crust; however, at any given locality in the mantle wedge the metasomatic fluid may be characterized by any Na/K ratio, depending on the relative proportion of sediments and altered basalts that have been subducted beneath it.
Carbonic metasomatism can be caused in principle by two processes: devolatilization reactions in subducted crust and redox reactions of diamond-bearing mantle rocks. The latter process does not necessarily involve (but can involve) subduction-related fluids. The carbon isotope differences between some eclogitic diamondsçwhich record carbon that most probably went through a subduction cycleçand peridotitic diamonds, which generally show typical mantle carbon values (e.g. Deines et al., 1997; Tappert et al., 2005; Stachel et al., 2009 , and references therein) testify to the two sources of carbon present in carbonic metasomatism. Both processes can produce reduced and oxidized carbon species. Decarbonation of calcite or dolomite in altered basaltic crust or in marly sediments will produce CO 2 , as does oxidation of diamond. Such fluids will result in a carbonate-bearing mantle, which would produce carbonatites or kimberlites upon melting (Mitchell, 2005) . On the other hand, devolatilization of organic-rich ocean-floor sediments may produce methanebearing fluids, as does reduction of diamond in the presence of water at low oxygen fugacities:
Such methane-rich fluids would not cause any mineralogically visible effect in mantle rocks, but they could be a strong reducing agent. Furthermore, if a methane-rich fluid was present as an interconnected fluid network in mantle rocks it could be entrained into concomitantly or later produced melts. Even the presence of higher hydrocarbons formed inorganically under mantle conditions has been shown to be possible (Kolesnikov et al., 2009 ).
The source of such methane and hydrocarbons, be it organic or inorganic, can be deciphered based on their C-D isotope systematics (e.g. Potter & Konnerup-Madsen, 2003; Graser et al., 2008) . A last possibility of mantle metasomatism originates from the percolation of mantle-derived melts such as kimberlites and carbonatites (e.g. Bonadiman et al., 2008) . These melts are derived in the Transition Zone or in the lower mantle, and they can unmix H 2 O^CO 2 fluids upon ascent. Such fluids can be very alkalic (e.g. Bu« hn & Rankin, 1999; Keppler, 2003; Zegenizov et al., 2007) and can readily metasomatize mantle rocks. Finally, direct melt^rock interaction may cause alkalic metasomatism (Foley, 1992) , which ultimately leads to the production of new alkaline to peralkaline melts.
Reactions governing the redox state of the metasomatized mantle
In normal garnet-bearing peridotites, f O 2 is buffered by the assemblage garnet þ olivine þ orthopyroxene (Malaspina et al., 2009) This reaction depletes the skiagite component in the garnet and decreases the abundance of orthopyroxene while increasing the aegirine component in clinopyroxene and the fayalite component in olivine. The importance of this metasomatic reaction on the oxygen fugacity of the fluid and the mineral assemblage becomes more obvious if we consider an equilibrium without garnet such as
Progress along reaction (4) consumes oxygen from somewhere, reducing the rock, and increases the Mg-number in the orthopyroxene. The oxygen is likely to be derived from the skiagite component of garnet [as in reaction (3)] or C-and S-bearing species, be they present in solid or fluid phases; however, the net result of a Na-metasomatic overprint on mantle rocks will be one of reduction.
It is interesting to note that although aegirine-bearing clinopyroxene is not commonly reported from mantle xenoliths, it is frequently reported to occur as xenocrysts and megacrysts in alkali basaltic volcanic rocks. Examples are known from Germany, Uganda, France, Canada, Mexico, the USA and Brazil (e.g. Mertes & Schmincke, 1995; Duda & Schmincke, 1985; Be¤ dard et al., 1988; Liotard et al., 1988; Dobosi et al., 1991; Dobosi & Fodor, 1992; Righter & Carmichael, 1993; Fodor et al., 1995; Simonetti et al., 1996) . These aegirine-rich clinopyroxenes are known as 'green-core pyroxenes' in the literature. They are relatively Fe-rich and contain up to 20% aegirine component. Although the ultimate origin of this type of pyroxene is still under discussion, they are good candidates for xenocrysts from a metasomatically enriched mantle source. Sodic clinopyroxene, in which the Na is accommodated in the jadeite component, has no influence at all on any redox-sensitive equilibria and is therefore not considered further here.
Similar reactions to those discussed above would apply to the formation of sodic amphibole. The experimental work of McNeil & Edgar (1987) indicated that sodic amphiboles with compositions similar to those found in mantle rocks do indeed show a positive correlation of Na with Fe 3þ . We explicitly state that both aegirine and sodic amphibole may be stable both at oxidizing and reducing conditions (e.g. Scaillet & Macdonald, 2001) , being related to each other by a peritectic redox reaction. Invariably, however, their crystallization causes reduction of the melt. However, if the melt starts out at rather reducing conditions, these minerals are the driving force for further reduction, thereby potentially stabilizing, for example, methane. If the melt starts out at very oxidizing conditions, their reducing effect may remain almost unnoticed. This is in marked contrast to potassic metasomatism, in which equilibrium (2) Although nominally not dependent on fO 2 , progress of this reaction depletes the pyrope component of the garnet and thereby passively increases the skiagite component [contrary to the sodic reaction (3) above]. At the same time, the reaction decreases the modal amount and the MgSiO 3 component of orthopyroxene, increasing the ferrosilite component. Similar reactions can be written with other potassic phases such as K-richterite or hollandite. Although the effect on oxygen fugacity is not large, potassic metasomatism clearly favours a more oxidized mineral assemblage in the metasomatic mantle relative to sodic metasomatism. At the very least, it would keep oxygen fugacity constant.
We note that some literature data (e.g. Malaspina et al., 2009) do not support a clear distinction between sodic and potassic metasomatized mantle assemblages in that xenoliths of both types indicate redox conditions around FMQ þ 1 (where FMQ is the fayalite^magnetite^quartz buffer). However, it is unclear if such xenoliths entrained in (alkaline) basaltic melts really record the details of the redox conditions prevailing during the generation of peralkaline melts as discussed in the next section.
The variability of peralkaline mantle melts
The above processes create a variety of metasomatized mantle mineral assemblages, which can be broadly categorized as mixtures of sodic, potassic, hydrous and carbonic endmembers. The details of these mixtures and the precise nature of the melting reaction(s) involved will invariably determine the composition of the peralkaline melts formed during mantle melting. As suggested by Foley (1992) , metasomatized mantle is probably not present as a large uniform or even homogeneous block, but probably consists of patches and veins of variable composition. Hence, a wide variety of melt compositions can be produced from the same source region, which explains, for example, the common co-occurrence of various alkaline and peralkaline melts in a specific region (e.g. Dunworth & Bell, 2001; Marks et al., 2008) . Other common rock associations are the nepheline syenite^carbonatite connection (e.g. Halama et al., 2005) , but also nephelinite^carbonatite (e.g. Klaudius & Keller, 2006) and nephelinite with melilitite (e.g. Dunworth & Wilson, 1998) . These are known from many localities and testify to the variability of the source regions of alkaline magmas. Marks et al. (2008) specifically showed such a process of concomitant melting of various mantle sources in one source region for the Tamazeght complex in Morocco, which comprises carbonatites, nepheline syenites and glimmerites.
For a sodium-enriched melt, a melting reaction such as
will increase the peralkalinity in a typical mafic melt generated by normal melting reactions of the type
in which the relative proportions can obviously change. However, as Fe 2 O 3 is much less stable than FeO in silicate melts under mantle conditions (e.g. Sack et al., 1980; Kress & Carmichael, 1991) , the fO 2 -dependent reaction
will govern the Fe 2þ /Fe 3þ ratio of the melt. The composition of any C^O^H fluid exsolved from this melt will reflect this oxygen fugacity via equilibria such as
If methane dominates the fluid in the partially melting mantle region (and as mentioned above, methane is a common fluid species associated at least with evolved persodic rocks; e.g. Potter & Konnerup-Madsen, 2003) , then fO 2 will be low and both fluid and melt will be reduced. Obviously, this is also a mass-balance question, and one has to assume low degrees of partial melting in the generation of peralkaline melts (e.g. Schiano et al., 1998) . Melts in equilibrium with a methane-dominated fluid phase (such as Ilimaussaq, Konnerup-Madsen & Rose-Hansen, 1982; Konnerup-Madsen, 2001; Krumrei et al., 2007) can be produced in such a process only if the source region contained large amounts of methane in an interconnected fluid network prior to melting, or if H 2 was present as a reducing agent. Because of the high diffusivity of H 2 , we consider the latter less likely than the former.
If atypical pargasitic composition melts, a reaction such as
would be likely to occur. This reaction increases the peralkalinity in the resultant melt without affecting the fO 2 of the assemblage. If the amphibole contained Fe 3þ (McNeil & Edgar, 1987) , then a reaction similar to reaction (6) would apply with the same consequences for the redox state of the melt and fluid. Formation of potassic melts would involve melting reactions of the type
In such a reaction, no oxidation or reduction is involved, but a melt generated according to reaction (7) is simply charged with alkalis and water. In conclusion, melts generated by the melting of Fe 3þ -poor or -free minerals (typically hydrosilicates) could reflect the redox conditions of the mantle they originate from very closely. Such minerals are typically phlogopite and to a lesser extent amphibole (which appear typically to be more Fe 3þ -rich than biotites in the mantle; McNeil & Edgar, 1987) . On the other hand, melting of aegirine-bearing clinopyroxene invariably involves redox reactions, thereby changing the original redox conditions of the source mantle, the resultant melt and the coexisting fluid. The complex interplay between melt Fe species, fluid C species and Fe 2þ /Fe 3þ ratios in the restitic mantle minerals may lead to oxidized or reduced persodic melts being generated from Na-rich clinopyroxene melting, depending on the relative mass balance of the reactions occurring.
I M P O RTA N T R E AC T I O N S I N T H E C RY S TA L L I Z AT I O N O F P E R S O D I C M AG M A S
Some peralkaline plutonic rocks belong to the most reduced magmatic rocks on Earth. For example, the persodic Ilimaussaq intrusion in South Greenland contains mineral assemblages recording fO 2 conditions during crystallization of up to five log units below the FMQ buffer ).The extremely reduced conditions during crystallization of the pluton are also recorded by a methanedominated high-temperature magmatic fluid phase (e.g. Konnerup-Madsen, 2001; Krumrei et al., 2007) , by the occurrence of extremely reduced minerals such as native lead (Karup-MÖller, 1975) , by the extremely titanian nature of titanomagnetite^ulvo« spinel solid solutions and by the extreme iron-enrichment evolution trend of the pyroxenes (see above; Larsen,1976; Markl et al., 2001) . In the following discussion, we will use the Ilimaussaq intrusion in South Greenland as the endmember of an extremely reduced persodic intrusion. The conclusions that we draw from this complex, however, are of general importance and highlight the important processes governing the crystallization of persodic magmas.
It is common that peralkaline syenitic intrusions develop from an alkaline ferrosyenite towards peralkaline nepheline syenites (e.g. Larsen, 1976; Upton et al., 1985; Coulson, 2003; Marks et al., 2008; Scho« nenberger & Markl, 2008) . The typical assemblage of such ferrosyenites is K-feldspar AE plagioclase^fayalite^hedenbergite^Fe, Ti oxide and they are believed to form during the later stages in the evolution of broadly basaltic rocks (e.g. Larsen & SÖrensen, 1987) . They may contain quartz or nepheline (or neither) depending on the silica activity of the parent melt.
In nepheline-free ferrosyenites, the oxygen fugacity is recorded by the compositions of the coexisting Fe^Ti oxides. In ferrosyenites the Fe^Ti oxides are related by the equilibrium (12) quartz-bearing ferrosyenites may contain either ilmenite or magnetite or both; however, nepheline-bearing syenites typically contain only magnetite . The only known examples of nepheline-and ilmenite-bearing syenites are Mont St. Hilaire, Canada (Schilling et al., 2010) and Katzenbuckel, SW Germany (Mann et al., 2006) . As a result of this, fO 2 in nepheline syenites is typically controlled by the displaced FMQ equilibrium ] may also form, but because the process by which ferric iron is incorporated into arfvedsonite is similar to that by which it is incorporated into aegirine (the stoichiometries of the reactions are only slightly different), we will emphasize aegirine in the discussion below. Typically, the ferrosyenites evolve towards a so-called 'no oxide field' (Nicholls & Carmichael, 1969) , in which neither ilmenite nor magnetite is stable, and redox conditions may be buffered by equilibria between aegirine, arfvedsonite and aenigmatite (e.g. Marsh, 1975; Larsen, 1977; Grapes et al., 1979; Ike, 1985; Marks et al., 2003) . The observation of the lack of oxides with increasing alkalinity is a common feature in syenitic rocks at the alkaline^peralkaline transition and it may be schematically explained by the reaction
This reaction explains the common observation that loss of Fe^Ti oxides from the phase assemblage, transition from silica-saturated to -undersaturated assemblages, and the transition from alkaline to peralkaline (i.e. from sodic to persodic) occurs over a narrow interval of crystallization in these rocks. Upon progress of reaction (18), the Fe 2þ /Fe 3þ ratio of the melt increases steadily. At the end of this transitional crystallization, the ferrosyenitic melts will have evolved to very reducing conditions in the last $5% or so of their crystallization, so there are vanishingly small amounts of ferric iron in the melt available to be incorporated in aegirine (or in arfvedsonite). On the other hand, these minerals are 'forced' to form by the persodic character of the melts because there is no other solid phase in which the sodium can be accommodated. Once magnetite has been depleted from the crystallizing assemblage, further crystallization of aegirine or arfvedsonite from a melt must involve the reduction of the melt according to the two following two reactions:
in the melt aegirine 
Because free oxygen in the melt is virtually non-existent, the crystallization of aegirine or arfvedsonite from a melt requires a donor for oxygen. As noted above, the initial crystallization of aegirine or arfvedsonite probably eliminated Fe^Ti oxides from the crystallizing assemblage; hence, other donors are needed. The most likely donors are volatile components that are either present in the gas phase or dissolved in the melt.
In contrast, during the crystallization of a potassic peralkaline melt such as a biotite-bearing leucitite, an orangeite or a lamproite, a reaction such as
would not change oxygen fugacity at all, because iron would not change its valence state. If the tiny amounts of trivalent iron present in the melt were reduced to enter the biotite structure, the net effect would even be one of oxygen fugacity increase of the remaining melt. Determining the oxygen fugacity at which reactions (19a) and (19b) occur is difficult because, unlike petrological buffers, where the composition of the phases is all one needs to estimate oxygen fugacity, in the reactions forming aegirine or arfvedsonite one also needs to know the activity of various components in the melt; values that are difficult or impossible to obtain with for most plutonic rocks. We will now explore the various possibilities of redox reactions governing oxygen fugacity in C^H^O-and S-bearing fluids. showing the amount of molecular hydrogen present in a water-rich fluid, calculated using equilibrium data tabulated from Frost (1979 Frost ( , 1991 and activity coefficients calculated from Belonoshko et al. (1992) . QIF, quartz^iron^fayalite.
R E AC T I O N S I N VO LV I N G F L U I D S P E C I E S The system H^O
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A reaction similar to reaction (21) could be written using OH^in the silicate melt as a donor, but the result would be the same: crystallization of aegirine should result in the polymerization of the melt, by the consumption of the network-modifier OH, and in expulsion of H 2 from the melt. The extent to which this reaction progresses is a complex function of the intrinsic oxygen fugacity of the melt and the amount of water present, and, if it is effective, is determined by mass balance. The oxygen fugacity of the melt is controlled by ferrous^ferric iron equilibria in the melt (e.g. Sack et al., 1980) . At oxygen fugacities around FMQ, reaction (21) would be highly inefficient, and only very small amounts of hydrogen would be present in the fluid phase (Fig. 1) ; however, it becomes progressively more efficient at increasingly lower relative oxygen fugacities.
The system C^O
Another potential source for oxygen would be CO 2 in the melt, which would involve reactions such as 
We have balanced reactions (22a) and (22b) with CO 2 in the gas phase, but it could have also been present as a CO 3 2^c omplex in the melt. If the carbon were present as a CO 3 2^c omplex in the melt then the aegirine-forming reaction would involve direct precipitation of graphite from the melt, with the extra oxygen in the carbonate ion dissolving into the melt, thereby depolymerizing it. This is the reverse of the reaction whereby carbon dioxide dissolves into the melt (e.g. Brooker et al., 2001) . Regardless of whether the carbon dioxide is located in the melt or in the fluid phase, the crystallization of aegirine will drive the oxygen fugacity to the graphite-saturation surface. If there were no hydrogen-bearing species in the fluid (i.e. the fluid phase consisted entirely of CO 2 and CO) then, at 1 kbar, oxygen fugacity would lie one to two log units below FMQ (Fig. 2) . The presence of H 2 O in the fluid phase would drive the oxygen fugacity to even lower values (see Fig. 2 ), as discussed in the next section.
The system C^O^H If both CO 2 and H 2 O are present in the melt or the fluid phase, the effect of aegirine or arfvedsonite crystallization becomes much more complex. To show these effects we depict relations in the system C^O^H on an isobaric, isothermal (8008C, 1000 bars) Álog fO 2^XC diagram (Fig. 3) , where X C is the mole fraction of carbon species in the fluid phase (Frost, 1979) . This diagram shows that at relatively high oxygen fugacities, an increase in the water content of the fluid in equilibrium with graphite will cause the graphite saturation surface to fall to lower oxygen fugacity. The water content reaches a maximum Fig. 1 ). at X max H2O and then falls with decreasing oxygen fugacity as water is converted to methane by reaction (9).
Reaction (9) cannot be shown as a univariant curve in Fig. 3 because it involves species within a single fluid phase. We show it in Fig. 3a (right-hand diagram) as two contours. One contour shows relations where PCO 2 ¼ PCH 4 . This contour shows the transition from a fluid in which CO 2 is the dominant carbon-bearing fluid species to one in which CH 4 is dominant. Another contour we use in this diagram is PCO 2 ¼ 0·01PCH 4 , which shows conditions where CO 2 concentrations in the fluid become vanishingly small. Figure 3b shows that over a range of about one log unit in oxygen fugacity, carbon dioxide goes from being as abundant as methane to being an inconsequential species in the fluid phase.
It is possible for aegirine or arfvedsonite to form by reacting with a CO 2^H2 O fluid without the participation of graphite by a reaction such as 
If reactions (23a) and (23b) operated they would deplete H 2 O from the system and drive the fluid toward higher X C . Reduction involving reactions (23a) and (23b) would be most efficient within a few log units of the FMQ buffer, but by the time the conditions of the iron^wu« stite (IW) buffer are reached, CO 2 will be largely depleted from the fluid and reactions (23a) and (23b) would become highly inefficient.
C^O^H fluid evolution in evolved feldspathic melts
It is generally accepted that, because CO 2 has a lower solubility than H 2 O in silicate melts, during crystallization of feldspathic melts CO 2 -rich fluids are exsolved from the melt while significant amounts of water are still bound in the melt as OH^. With progressive crystallization and degassing, the exsolving fluids may become richer in H 2 O and eventually water-dominated fluids are in equilibrium with the melt (e.g. Dixon & Stolper, 1995; Holloway & Blank,1994) . This process, early exsolution of CO 2 followed by exsolution of hydrous fluid species, produces three possible paths that melts may follow during differentiation (Fig. 4) .
The first would occur at relatively oxidized conditions such as found, for example, in the Sybille intrusion (Fuhrman et al., 1988) . Although in principle oxidizing, the Sybille ferrosyenites were reducing enough that evolution of CO 2 from the melt was accompanied by formation of graphite (Frost & Touret, 1989) . When OH^leaves the melt in these circumstances, conditions would be oxidizing enough for it to come out as H 2 O. If enough H 2 O evolved, it would drive the fluid off graphite saturation towards higher oxygen fugacity (arrow 1 in Fig. 4) .
If the original rock formed at slightly lower oxygen fugacity, exsolution of H 2 O would form some methane according to reaction (9) and this would drive the fluid composition along the graphite saturation surface to low oxygen fugacities (arrow 2 in Fig. 4 ). As noted above, extraction of CO 2 from the fluid will limit reduction to conditions above the IW buffer.
Even if the system was not originally graphite-saturated, crystallization of aegirine could drive the fluid composition to lower oxygen fugacity and higher carbon contents. It is possible that it could eventually reach the conditions of graphite saturation (arrow 3 in Fig. 4) . No graphite has been found in Ilimaussaq, either in connection with aegirine or in carbonic fluid inclusions, although it was specifically searched for by suitable SEM techniques. This strongly suggests that reaction (22) that the dominant crystallization process for aegirine and arfvedsonite in Ilimaussaq was reaction (23). If small amounts of H 2 were also produced during crystallization via reaction (21), it would have kept the fluid from reaching the graphite saturation surface.
Mass-balance calculations indicate that aegirine and arfvedsonite from Ilimaussaq could have formed by consumption of carbon and OH^in the melt. Using the compositions of rocks believed to approach the composition of Ilimaussaq parental melts (Larsen & Steenfelt, 1974; Bailey et al., 2001; SÖrensen, 2006) , the amount of carbon in the original melt required to oxidize all the iron needed for aegirine crystallization ranges from 0·07 to 0·24%. This is well below the range of carbon that has been found experimentally to dissolve in some alkaline melts; for example, Behrens et al. (2009) found 0·31% at 2 kbar and 12008C and 0·83% at 5 kbar and 12008C in ultrapotassic melts, and this suggests that the C^O^H species present would easily suffice to explain the observed features of reduction.
Sulfur species in peralkaline melts and fluids
In silicate melts, sulfur is present either as sulfide or as sulfate, depending on the oxygen fugacity (e.g. Ducea et al., 1999; Jugo et al., 2005; Scaillet & Macdonald, 2006) . The boundary, where the partial pressures of SO 2 and H 2 S are equal, is known as the sulfide^sulfate fence (Fig. 5) . As mentioned above, sulfide/sulfate ratios in sodalite crystallized from the persodic Ilimaussaq melts are around unity (corroborated by new analyses; Hettmann K., personal communication). Stormer & Carmichael (1971) presented an elegant way to explain the presence of sulfate in relatively reduced peralkaline melts. On page 302 of their paper, they stated: 'Perhaps the problem of the occurrence of sulphate rather than sulphide can be illustrated by the following reaction, a plausible representation of a nosean paragenesis:
A cursory inspection shows that if silica activity falls, this reaction will run to the left, despite f O 2 remaining constant. This reaction illustrates an essential point: the occurrence of sulphate rather than sulphide does not require an unusually high f O 2 , because it is also controlled by the overall composition of the silicate magma. In this example, low silica activity and a large component of acmite in the coexisting pyroxene would promote the crystallization of nosean. Sulphate minerals are therefore to low silica activity peralkaline magmas what sulphide minerals are to high silica activity magmas; even though f O2 may be constant (at comparable T), witness the occurrence of olivine and titaniferous magnetite. ' This is the reason why both sulfate-bearing sodalite and sulfide-bearing sphalerite are present as magmatic and hydrothermal phases at Ilimaussaq (Krumrei et al., 2007) , whereas the perpotassic Murun complex in Siberia contains sulfates such as barite as a magmatic phase (Panina & Usoltseva, 2000) . New electron microprobe analyses on Ilimaussaq sodalites Fig. 1 with the addition of data for sulfur-bearing reactions from Frost (1985) ].
using the peak shift of sulfate vs sulfide have demonstrated that about half of the sulfur present in these sodalites is sulfate, half sulfide (Hettmann K., personal communication). Obviously, both the sulfide/sulfate ratio and the sodaliteâ egirine^nepheline reaction (24) act as an oxygen fugacity buffer (Fig. 5 ) and as such are tightly connected to aegirine crystallization and the carbon species by a variety of reactions similar to those named above, but involving S species. In quartz-normative melts, sulfur may be present as sulfide or sulfate species as well (e.g. Ducea et al., 1999; Scaillet & Macdonald, 2006) , leading in oxidized melts to the crystallization of anhydrite, and in reduced melts to the crystallization of sulfides such as pyrite or pyrrothite. The solubility of sulfur is strongly dependent on peralkalinity, fO 2 and bulk sulfur content (Scaillet & Macdonald, 2006) , as well as on SiO 2 content (Ducea et al., 1999) . The connection to peralkalinity implies complicated interactions of sulfur species with other melt and fluid species as discussed above.
S U M M A RY A N D C O N C L U S I O N S
We have shown above that the coupled substitution of Na and Fe 3þ in aegirine and less strongly in arfvedsonite is responsible for a tight connection of peralkalinity and redox reactions in Na-dominated peralkaline systems: increasing amounts of aegirine crystallization lead to reduction of the remaining melt, as does Na metasomatism in mantle rocks with respect to the rest of the solid assemblage, when the aegirine component in clinopyroxene increases.
Potassium, in contrast, has a completely different behaviour and the connection of potassic peralkalinity with redox reactions is one of oxidation. This is simply due to the fact that no potassic clinopyroxene component exists under low-and medium-pressure conditions, and that incorporation of K into K-feldspar, micas or amphiboles is not dependent on the concomitant presence of Fe 3þ ions. In fact, if K is incorporated into white mica or K-feldspar, no effect at all on the redox regime of the melt occurs; if K is incorporated into an Fe 2þ -dominated mineral such as annite, then the net effect would be one of oxidation. During the crystallization of a potassic peralkaline melt, a reaction such as reaction (20) would leave the oxygen fugacity unchanged or even increase it minimally. Hence, the different crystal chemical behaviour of K and Na, actually their difference in ionic size, determines if a primary magma is oxidized or reduced during its generation in the mantle and if it evolves towards reduced or oxidized compositions during fractionation.
Quartz-absent rocks
This explanation allows us to understand the different redox regimes of potassic and sodic peralkaline rocks, as long as they evolve in more or less closed systems.
All rocks considered so far are quartz-undersaturated rocks, whether they are nepheline or kalsilite syenites, alkali syenites or kimberlites and lamproites. This is a typical feature of peralkaline, mantle-derived magmas that evolved under more or less closed-system conditions (e.g. Dunworth & Bell, 2001; Marks et al., 2004; Halama et al., 2005) . For these rocks, the above controls on oxygen fucacity work and cause the perpotassic magmas to evolve around and above FMQ. For example, Shonkin Sag lies around FMQ (Nash & Wilkinson, 1970) , the Leucite Hills at FMQ þ 2 (Carmichael, 1967; Mitchell & Bergman, 1991) , the Katzenbuckel at FMQ þ 2 (Mann et al., 2006) , and kimberlites up to FMQ þ 7 (Canil & Bellis, 2006) . In contrast, persodic rocks are typically found between FMQ and FMQ^5 (see above; e.g. Ilimaussaq, Tamazeght, Khibina; Markl et al., 2001; Ryabchikov & Kogarko, 2006; Marks et al., 2008) .
Agpaites and miaskites
Within the peralkaline nepheline syenites, there is a mineralogy-based distinction between agpaitic and miaskitic rocks (see, e.g. SÖrensen, 1997) . Both have similar bulk compositions, but the miaskitic rocks contain zircon, xenotime, monazite, apatite and ilmenite or titanomagnetite as typical HFSE-bearing phases, whereas agpaites contain complex Na^Ca^Zr^Ti silicates such as eudialyte, lÔvenite, wo« hlerite or mosandrite. Kogarko (1974) suggested that this difference in mineralogy at similar bulk composition must be related to differences in volatile chemistry (e.g. in fluid composition). Although the amount of reduction differs among the agpaitic complexes, they typically show more reduced, carbon-dominated fluids (e.g. a methane-dominated fluid or mixed CH 4Ĉ O 2^H2 O fluids). This observation is important, because the higher the relative importance of methane, the lower the amount of water-soluble species removed from the melt upon fluid exsolution. Hence, an extremely reduced methane fluid will not remove NaCl and other Cl-complexed elements from the melt. As a result, the melt will be richer in halogens and in Na-and/or K-involving complexes than any melt that exsolves a water-rich fluid in the course of its crystallization ). This in turn can easily explain why Ti, Zr and the other HFSE crystallize in complex Na-(and partly even Cl-) bearing silicates in agpaites, whereas more 'normal' minerals are their hosts in miaskites. Early water exsolution effectively seems to prevent or at least to hinder the formation of agpaitic rocks. The connection of peralkalinity, reduction, fluid composition and the development of a very specific mineralogy is in this case particularly obvious.
Quartz-bearing rocks: peralkaline granites and rhyolites
If we broaden our view to quartz-bearing rocks (i.e. especially peralkaline granites and rhyolites) we find that there seem to be two ways to generate them: either they are differentiation products of mantle-derived melts, which reached quartz saturation without contamination by crustal material, or they represent mantle melts contaminated by SiO 2 -rich crustal assimilants. As an example of the former, we highlight some rare persodic granites with typical mantle Nd isotope signatures in the Pikes Peak batholith in Colorado (Smith et al., 1999) , which contain sodic amphiboles and have relatively low oxygen fugacities of about FMQ^1·5 . We consider that these probably represent a relatively rarely recognized case of melting of a peculiar metasomatized mantle composition that allows melts to be generated that evolve towards quartz saturation, and we believe that the reduced nature of these melts reflects the reduced mantle assemblage, which probably involved mainly sodic amphibole and less or no sodic clinopyroxene. Interestingly, some peralkaline granites and pantellerites can probably be interpreted as direct differentiates of mantle melts that were slightly sodic, but that had enough Ca for the 'plagioclase' effect to increase this compositional feature.
On the other hand, it has become increasingly clear that many peralkaline quartz-saturated melts evolve by interaction of an undersaturated peralkaline melt with SiO 2 -rich lower crustal contaminants, either melts or solid rocks (e.g. Marks et al., 2003, Puklen complex; Marks et al., 2004, Ilimaussaq granite; Schmitt et al., 2000 , Amis granite, Namibia; Black et al., 1997, peralkaline rhyolites from Kenya). The addition of SiO 2 -and especially Al 2 O 3 -rich and (compared with the peralkaline mantle melts) relatively alkali-poor assimilants not only changes the alkali/Al ratio, and the SiO 2 content of the melts, but also changes the redox regime in which these melts evolve and crystallize. This is most easily shown by the following reaction: Such reactions reduce peralkalinity without any influence on oxygen fugacity, and by reducing peralkalinity all the redox-controlling reactions above become less important. In other words, adding an Al-rich crustal contaminant prevents reduction of the peralkaline melts upon crystallization, as it suppresses aegirine crystallization. Also, the fact that peralkaline granites are generally poor in Fe^Ti oxides and arfvedsonite, rather than aegirine-dominated (e.g. Smith et al., 1999; Schmitt et al., 2000; Marks et al., 2003) , implies that self-reduction via fractionation is a less important process in such granites compared with silica-undersaturated melts.
However, the effect of aegirine and arfvedsonite crystallization on fluid compositions in peralkaline granites and rhyolites is far from certain. Although methane-rich fluid inclusions have been reported from the Strange Lake granite (Salvi & William-Jones, 1990 , 1997 Lowenstern (1994) for the peralkaline rhyolites (pantellerites) from Pantelleria. Tiny amounts of methane have been found in only two complexes (Kungnat and Nunarssuit). It is evident that some of these peralkaline quartz-saturated melts have formed through reactions between a nepheline syenite melt and the surrounding crust Marks et al., 2003) , but this may not be the whole story. Methane-rich fluid inclusions, which may have formed at oxygen fugacities well below those of FMQ, are strongly out of equilibrium with the surrounding granitic crust, which like most calc-alkalic granitic rocks probably lies at oxygen fugacities of about FMQ þ 2 (see Frost & Lindsley, 1992) . If the peralkaline granites from South Greenland had maintained communication with the surrounding crust after aegirine had crystallized, any original methane would have been oxidized to H 2 O and CO 2 . Clearly, the data available indicate that the fluid evolution of peralkaline granites and rhyolites remains a fruitful field of research.
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